Photoelectron spectroscopy on Clusters as new material

The exciting potential of nanotechnology founds on the size-dependent properties of matter.
Cluster, which are new materials with a well defined number of atoms, serve as ideal candidates
to study size-dependent properties by changing the size of a nanoparticle by just one atomic unit.
This makes them unique for tracing the development of chemical and physical properties from
the atom to the solid in a continuous manner. Due to the large surface-to-bulk ratio small clusters
are particularly attractive for applications in heterogeneous catalysis or as magnetoelectric
devices of enhanced magnetic moment. Thus hunting for new nanomaterials and a conceptual
understanding of quantum-size effects, clusters are of interest for both fundamental as well as
material science. The most famous cluster C¢, has been discovered in experiments on free carbon
clusters of various sizes and its properties are completely different from the ones of smaller and
larger clusters, e.g., C s and C 4;, which do not belong to the class of fullerenes. In contrast to
normal carbon cluster the fullerenes are enormous stable ("magic") and after the discovery of C ¢
it has been proposed immediately as building block for a new kind of bulk carbon material with
new properties, e.g. C ¢-based transistors and superconductors. Today this new material called
"fullerit" is commercially available.

Nevertheless, there are large and systematically blank areas in cluster physics with respect to the
geometry and electronic structure. In order to study the intrinsic properties of clusters a mass-
selected exploration of isolated gas phase clusters is obligatory. However, mass selection
extremely reduces the target densities which are by 5-7 orders of magnitude smaller than in
comparable experiments on stable molecules. Only an extraordinary machine, such as a free
electron laser, has sufficient brillance, wavelength range and temporal resolution to get insight
into the inner electronic structure of mass-selected clusters. For the first time this will provide
unique structural, chemical, magnetic and dynamical information of monodisersed clusters in a
similar way as it has been achieved for surfaces and adsorbates with synchrotron and ultrafast
laser radiation in the past.
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Each atom counts!

Reactivity (Fe + H,)

Parks et al.,
JCP 88 (1988)

Magnetism (Ni1,)

Apsel et al.,

PRL 76 (1996)

Catalysis (Pt)

Heiz et al.,

JACS 121 (1999)
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experimental setup
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anion photoel ectron spectroscopy

electron intensity
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1) valence electron structure (, DOS")

> 2) HOMO-LUMO gap (,, band gap*)
3) electron affinity (, work function*)
4) vibrational frequency (, phonons®)
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Photoelectron Spectra of Ag~
(C.Y. Cha, PhD Forschungszentrum Jiilich GmbH)
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Open d-shell metal: T -

Photoelectron intensity

=
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FIG. 1. Photoelectron spectra  of  size-selected Ti =~ (n =

3=65) clusters at 4.66 ¢V detachment encrgy. Mote the change
from n = 7 to § and the spectral similarity thereatter.

L.S. Wang et al., PRL 76, 215 (1996)



Mass spectra of benzene-adsorbed metal clusters

Cluster anion intensity / (a.u.)

Time of flight / {a.u.)

G. Liittgens et al., JCP114, 8414 (2001)



Vibrationally-resolved PES: Pt,(C.H,)

8416 J. Chem. Phys., Vol. 114, No. 19, 15 May 2001

© 2«0
3<0° @
1 OV e— V
Q neutral anion vy
‘. O anion
| 0«0 m o
| ;
l Y i 1
A 0 s 11 2
e<0 R ] a 3
=1 0 iq O 4
‘ 01
¥ 19 o<z
-. 5 o) Q ] O
s 19 LTSRS e & o
;."-_"M‘-*..'.“"" 0 "V v "g‘; -:.,__ = ."‘.. .{:' -;..: .-‘-‘..~'
i aﬂl aEl HE E H il I EH N E i
R e L 1 T

22 216 212 2.08 2.04 2
Binding energy / eV

10302  J. Chem. Phys., Vol. 114, No. 23, 15 June 2001

b \b

e

Ceb(K) " cyrbro(Ar)

SNETEY /e

Litigens of

114

il

i 3]
4 -

T
L1 22 1.1 24 1%

Pr-P Benrene) internuclear distance / A&

Majumdar et al. JCP 114, (2001)

MP2 and DF
Group of Balasubramanian



Micine inf -

core orbitals (ESCA analysis)

unoccupied level density (NEXAFS,
EXAFS)

adsorbate o rbitals
d-orbitals of transition metals

f-orbitals of lanthanoids

The BESSY SASE-FEL

Repetition rate: 1 kHz-10 kHz g

Photon energy: 10 eV-1 keV
Width: 200 fs (20 fs)



Using ESCA (Xray FEL) to distinguish between:

1) isomers 5 Pt
La

doped fullerenes

3) adsorption geometry

ey

Ni,(CO) Ceb(A)  Cyb(By)

Majumdar et al., JCP 114, 10300 (2001)
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Fs-dynamics in clusters probed by
pump-probe PES
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e-e- scattering in bulk metals
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electron intensity / a.u.

optical excitation and
electronic relaxation in /Vi;

electron
affinity
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N. Pontius, PhD thesis, Universitiat Koln, 2001



energy dissipation ssmulation in
a 4-atom trangtion metal cluster
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electronic relaxation in Pty, Pd;,,
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number of excited statesin a
3-atom transition metal cluster
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for 0eV < E*<15¢eV: ~ 250 excited states

by comparison: ,Cug, Agy, Aug™ (d¥0st):

for 0eV < E*<15eV: ~3  excited states

outlook: , Ag;s “: ~ 270 excited states

N. Pontius, PhD thesis, Universitit Kéln 2001
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photoelectron intensity

photon-induced desor ption :
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photon-induced thermal desorption in Au,CO':
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Electron and electron-vibrational relaxation

times of

clusters as

measured by time-resolved photoelectron
spectroscopy

Time constants by pump-probe 2PPE
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G. Liittgens et al., PRL 88, 076102 (2001)



TTF@DESY (HH):
SASE FEL (presently:100 nm; Phase II: down to 6 nm)
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Intense X-ray FEL for exploring mass-selected clusters:
1) conventional XPS (core orbitals, isomers, adsorbate levels,
ESCA, Auger, resonant PES, NEXAFS

2) time-resolved 2PPE (chemistry: bond formation, products,
intermediates; site-specific spectroscopy)

Feasibility

Inner-shell PI cross section S (adsorbate) 1-10 Mb
S (metal) 0.5-5Mb

photon intensity (desired) >101/pulse

mass-selected cluster anion intensity 10°-107/pulse

repetition rate 1000 Hz

electron detection efficiency (ToF) 1- 100(MB) %

electron count rate (1Mb) 100-10000 Hz



